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The electronic structure of bilayer graphene, where one of the layers possesses monovacancies, is
studied under an external electric field using density functional theory. Our calculations show that
Fermi-level pinning occurs in the bilayer graphene with defects under hole doping. However, under
electron doping, the Fermi level rapidly increases at the critical gate voltage with an increasing
electron concentration. In addition to the carrier species, the relative arrangement of the gate elec-
trode to the defective graphene layer affects the Fermi energy position with respect to the carrier
concentration. Because the distribution of the accumulated carrier depends on the electrode posi-
tion, the quantum capacitance of bilayer graphene with defects depends on the electrode position.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973426]

Graphene has been attracting much attention in the
applied sciences, especially in electronic device engineering,
because of its unique structural and electronic properties. A
bipartite network of C atoms with atomic thickness causes
pairs of linear dispersion bands at the Fermi level that lead to
an unusual quantum Hall effect and peculiar non-bonding =
states at its edges.'”? The linear dispersion bands near the
Fermi level also cause a remarkable carrier mobility of up to
200 000 cm?*/V s,> which makes graphene an emerging mate-
rial for high-speed electronic devices in the next generation.
However, because of the absence of a band-gap, owing to the
linear bands, graphene shows an intrinsic leakage current in
the off state, which limits its usage in logic circuit applications.
In addition, the electronic property of graphene is sensitive to
external conditions such as electric ﬁeldfH atom/molecule
absorption,8 atomic defects,9*12 topological defects,m’14 and
interactions with other graphene sheets or substrates.'” '
Therefore, many studies have focused on developing methods
to control the electronic structure of graphene. In particular,
band-gap engineering has attracted much attention for realiz-
ing graphene-based semiconductor electronic devices. Many
theoretical and experimental studies have reported a number
of graphene derivatives having a large band-gap, such as gra-
phene nanoribbons,” a graphene nanomesh, functionalized
graphene,”*2® bilayer graphene under an external electric
field,*>” or molecular-doped bilayer graphene.*’

In our previous works,zg‘29 we demonstrated that a com-
bination of the interlayer interaction and atomic defects
could modulate the electronic structure of graphene thin
films resulting in a finite energy gap in their 7 electron states,
even though one or more layers of the thin films retain the
perfect hexagonal network: For bilayer graphene, where one
of the layers possesses the atomic and topological defects,
our calculations showed that the bilayer graphene no longer
possesses pairs of linear dispersion bands near the Fermi
level, but has quadratic dispersion bands together with the
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flat bands associated with the defects, even though one of the
two layers retains its hexagonal atomic network. The energy
gap between the top and the bottom of the 7 states belonging
to the pristine layer strongly depends on the defect species
and arrangement.

Although our findings indicate a possible procedure for
realizing semiconducting graphene thin films, it is still
unclear whether the electronic structure of the thin films with
defects is controllable by an external electric field. Thus, in
this work, we aim to provide further theoretical insight into
the effect of defects on the electronic structures of bilayer
graphene one of which layers possesses monovacancies
(MVs) under carrier injection by the external electronic field,
using first principles total energy calculations combined with
the effective screening medium method. Our calculations
show that the Fermi level is insensitive to the external elec-
tric field for hole injection, irrespective of the mutual
arrangement of the gate electrode. In contrast, for electron
doping, the Fermi level is rapidly shifted upward above the
critical gate voltage, depending on the relative arrangement
of the gate electrode to the defective layer. Furthermore, the
electronic structure of the bilayer graphene does not exhibit
a ridged band nature with respect to the excess carriers
injected by the gate electrode. Defect-induced states are
found to be sensitive to the carrier concentration, leading to
the unusual electronic properties of bilayer graphene under
an electric field.

All calculations were performed within the framework of
density functional theory’™' implemented into the STATE
package.” We used the local density approximation®>>* to
describe the exchange-correlation potential among the inter-
acting electrons. An ultrasoft pseudopotential generated by
the Vanderbilt scheme was used to describe the interaction
between electrons and ions.>> The valence wave functions and
charge density were expanded in terms of the plane-wave
basis set with cutoff energies of 25 and 225 Ry, respectively.
We adopted the effective screening medium (ESM) method to
solve the Poisson equation including the external electric
field.*® The Brillouin-zone integration was performed with the

Published by AIP Publishing.
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(a) (b)

FIG. 1. Structural models of bilayer graphene with MV under an electric
field with (a) a top gate and (b) a bottom gate. The dotted line represents the
graphene layer with MV.

I'-centered 8 x 8 x 1 uniform k-mesh for self-consistent elec-
tronic structure calculations, which corresponds to the
32x32x 1 k-mesh in a primitive 1 x 1 cell of graphene,
resulting in sufficient convergence for the geometric and elec-
tronic structures. All atoms were fully optimized until the
remaining force acting on each atom was less than 0.005 Ry/
A under a fixed lateral lattice constant of 9.83 A correspond-
ing to the experimental value of 4 x 4 lateral cell of graphene
to avoid the over binding of the covalent bonds of C atoms.

In the present work, we consider bilayer graphene one
of which layers possesses MV per 4 x 4 lateral unit cell of
pristine graphene. Although the lateral lattice parameter is
modulated by introducing the MV, we fixed the lateral
parameter as 9.83A to satisfy the commensurability condi-
tion between pristine and defective layers. Bilayer graphene
has an AB stacking arrangement with an interlayer spacing
of 3.4A. During the calculations under a finite electric field,
the atomic structure of the bilayer graphene with MV is fixed
as the optimized structure obtained under the zero electric
field. Electrons and holes were injected by a planar electrode
situated above and below the bilayer graphene with a vac-
uum spacing of 5.8 A, mimicking the graphene field effect
transistor with top and bottom gate electrodes, respectively,
with respect to the defective layer, as shown in Fig. 1. The
electrode is simulated by an effective screening medium
with an infinite relative permittivity.

Figure 2 shows the Fermi level of bilayer graphene, one
of which layers possesses MV, as a function of the gate
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FIG. 2. Fermi energy of bilayer graphene with MV as a function of the gate
voltage. Blue circles and red squares show the results of the top gate and
bottom gate, respectively. Electron and hole injections correspond to the
positive and negative gate voltage, respectively.
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voltage. The Fermi level is insensitive to the negative gate
voltage or hole concentration: The Fermi level retains an
almost constant value up to a gate voltage of —10V irrespec-
tive of the gate arrangements, indicating that the Fermi level
is pinned at approximately —4.7 and —4.8 eV for the top and
bottom gate arrangements, respectively. Therefore, under a
low hole concentration, a carrier is hardly injected into the
bilayer graphene with defects. In contrast, for a positive gate
voltage, corresponding to electron doping, the Fermi level is
sensitive to the electron concentration: First, the Fermi level
retains an almost constant value up to the gate voltage of 5.2
and 3.6V for the top and bottom gate arrangements, respec-
tively, and then it rapidly shifts upward with increasing gate
voltage. Therefore, a positive gate voltage can tune the elec-
tronic structure of bilayer graphene with defects.

To provide physical insight into the unusual gate voltage
dependence of the Fermi level, we depict the electronic
energy band and density of states (DOS) of the bilayer gra-
phene under an electric field applied by the top and bottom
gate electrodes together with the electronic structure and
squared wave function of the bilayer graphene without an
external field (Fig. 3). Note that the graphene with MV
exhibits spin polarization around the defect.’ Furthermore,
the optimized structure studied here is also different from
that reported in the literature.” Thus, the present electronic
structure is slightly different from that of the geometry
obtained by the spin-polarized calculations. For the bilayer
graphene without the field, three flat dispersion bands
emerge in the energy gap of the dispersive n electron states
[Fig. 3(a)]. The upper two states are associated with the
unsaturated ¢ state of dangling bonds at the vacancy, which
are localized at the edge atomic site of the vacancy [d; and
d, states in Fig. 3(a)]. In contrast, the lowest branch of the
flat bands has a non-bonding 7 state caused by the MV,
exhibiting an extended nature [the d; state in Fig. 3(a)]. The
wave function distribution of these three states clarifies the
physical mechanism of the unusual field dependence of
the Fermi level. For hole doping, the holes are injected into
the flat band states associated with the defect states possess-
ing a non-bonding 7 nature. Because of its flat band nature,
the state leads to a large peak in the DOS, which prevents
the shift of the Fermi level by injecting the hole into this
state. For electron doping, even though the ¢ dangling bond
states cause a large DOS in the energy gap of the 7 states,
the localized nature of the state causes a rapid upward shift
by the electron doping, because of the large on-site Coulomb
interaction in these states.

The electronic band structure of the bilayer graphene
with defects under an external electric field depends on the
carrier species, carrier concentration, and relative electrode
arrangement, indicating that the ridged band nature is not
retained upon carrier injection. For the electron doping,
owing to the upward shift of the d; and d, states associated
with the ¢ dangling bonds at the defects, the band width of
the three defect states increases with increasing electron con-
centration. In particular, for the top gate electrode arrange-
ment, the lowest defect state with non-bonding 7 nature is
separated from the remaining two states with dangling bond
o states. Thus, the electronic structure near the Fermi level is
highly modulated by the electron doping, depending on the



011601-3 K. Kishimoto and S. Okada

(@)

40 N g tral
-3.5 ,\\
-4.0
545 %\
4]

d

350 1
2 55 d
w "
6.0
6.5 z
O M KO 05
DOS [states/unit]
Top gate
(b) 0.5 (c) 0
e
3.0 \ 30gy RS
35 -3.5
-4.0 -4.0 \
=45 = S s N
5-5.0 - / 350
2 55 v E -5.5
w Nt
6.0 N 6.0
6.5 ? -6.5
T M KO 05 "% r m KO

DOS [states/unit] - DOS [states/unit] ’

Appl. Phys. Lett. 110, 011601 (2017)

d-

Bottom gate

(d) (e)

3.0 N 0.5h 3.0 Q.5e
-3.57 i 35
-4.0 \ 4.0

545 =45 T~

5-5.0 \ %-5.0 /\ PZzp)

2 55 N E 5.5 L/

“ 6.0 g -e.o& % /
6.5 6.5 >
IO M 0T /MXKO

KO R 0.5
DOS [states/unit] DOS [states/unit]

FIG. 3. (a) Electronic energy band and DOS of bilayer graphene with MV without an external electric field. The dotted line shows the Fermi level. The three
right panels of the figure show the isosurfaces of the wave function of the three states near the Fermi level denoted by d, d,, and d3. The electronic energy
band and DOS of bilayer graphene with MV under a gate voltage of (b) —5.8 V from the top gate (which corresponds to a 0.5 hole injection per unit cell), (c)
5.2V from the top gate (which corresponds to a 0.5 electron injection per unit cell), (d) —5.9 V from the bottom gate (which corresponds to a 0.5 hole injection
per unit cell), and (e) 5.8 V from the bottom gate (which corresponds to a 0.5 electron injection per unit cell). Dotted lines represent the Fermi level.

gate arrangements. In contrast, the electronic states associ-
ated with the defect states are relatively insensitive to the
hole doping compared with the electron doping. In this case,
the band structure mainly depends on the relative position of
the gate electrode.

Because the electronic energy band of the bilayer gra-
phene one of which layers possesses MV is sensitive to the
carrier concentration and the relative arrangement of the gate
electrode; the accumulated carriers also depend on the relative
position of the gate electrode to the defects. Figure 4 shows
the isosurfaces of the accumulated carriers under an external
electric field. For electron doping with the bottom gate
arrangement, the accumulated carrier exhibits an extended
nature compared with the other carrier species and gate
arrangement: Accumulated electrons are distributed mainly on
the layer situated on the electrode side. In addition, the elec-
trons are also localized around the ¢ dangling bond states on
the other layer with defects. In contrast, for the other situa-
tions, the accumulated carriers are distributed on the layer sit-
uated on the electrode side irrespective of the carrier species.

Characteristic distributions of the accumulated carriers
imply that the quantum capacitance of the bilayer graphene

Top gate
(a) -5.8V(0.5h)  (b) 5.2V (0.5e)

Bottom gate
(d) 5.8V (0.58)

(c) -5.9v (0.5h)

FIG. 4. Isosurfaces of the accumulated carrier by carrier injection under a
gate voltage of (a) —5.8 V (0.5h) from the top gate, (b) 5.2V (0.5¢) from
the top gate, (d) —5.9V (0.5h) from the bottom gate, and (d) 5.8V (0.5¢)
from the bottom gate.

one of which layers possesses MV, with respect to the gate
electrode, is also sensitive to the gate arrangement and car-
rier species. Figure 5 shows the capacitance of bilayer gra-
phene with MV as a function of the gate voltage. The
capacitance of the bilayer graphene depends on the gate
voltage and mutual electrode arrangement to the defect. For
hole doping, the capacitance remains at an almost constant
value of 0.016 aF/nm?, because the sufficiently large density
of states can accommodate an excess of holes into the gra-
phene layer situated at the electrode side. For electron dop-
ing, the capacitance of the bilayer graphene with the bottom
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FIG. 5. Capacitance of bilayer graphene with MV as a function of the gate
voltage. Blue circles and red squares show the results of the top gate and
bottom gate, respectively. Electron and hole injections correspond to the
positive and negative gate voltage, respectively.
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gate arrangement is smaller than that with the top gate
arrangement, because the electrons in the bilayer graphene
with the bottom gate arrangement spill over to the second
graphene layer possessing the defects.

Note that the MV does not show the pentagonal recon-
struction but possesses a trigonal structure as its metastable
conformation, according to the constraint on the lateral lat-
tice constant (supplementary material). However, the model
considered here is sufficient to discuss whether the defect
induced states affect the carrier accumulation by the external
electric field or not, except the detailed electronic structure
at the Fermi level [Fig. S1]. Indeed, the Fermi level is pinned
upon the hole injection, while it shifts upward upon the elec-
tron injection [Fig. S2]. Furthermore, the distribution of the
accumulated carrier is the same as that of the bilayer gra-
phene with trigonal MV. For electron doping with the bottom
gate arrangement, accumulated electrons are distributed
mainly on the layer situated on the electrode side together
with the spilled carries localized around the ¢ dangling bond
states at the defects. In contrast, for the top gate situation,
the accumulated carriers are distributed on the layer situated
on the electrode side irrespective of the carrier species
[Fig. S3].

See supplementary material for electronic properties of
bilayer graphene with reconstructed defects.
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